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Introduction  

Alginate, a natural polysaccharide extracted from seaweeds, has a linear chain structure of (1–4)-linked b-
D-mannuronic acid (M) and a-L-guluronic acid (G) residues arranged in a blockwise fashion, providing it with 
hydrophilicity, biocompatiblity, nontoxicity and exceptional formability1. Alginate chelates with divalent cations 
to form hydrogels. Gel formation is driven by the interactions between G-blocks, which associate to form tightly 
held junctions in the presence of divalent cations 2. The affinity of alginates towards divalent ions decreases in 
the following order: Pb > Cu > Cd > Ba > Sr > Ca > Co/Ni/Zn > Mn/Ca2+; however, it is the most commonly 
used cation to induce alginate gel formation. Ionic crosslinking of alginates in the presence of divalent cations is 
well known 3. Alginate gels are widely used in a variety of areas such as biomedical area and functional 
materials 4; 5; however, ionic alginate gels have limited stability, as ion exchange with monovalent ions could 
destabilize and rupture the gel 6. Moreover, the use of hydrogels has been severely limited because conventional 
hydrogels inevitably “swell” under specific conditions, which drastically degrades their mechanical properties 7.   

Conventional methods to stabilize alginate hydrogels include covalent crosslinking and application of high 
concentrations of crosslinking cations to ensure tight connections between the polymer chains 8 . Halina et al. 9 
found that poly(vinyl alcohol) (PVAL)/GO was more photo-stable compared with PVAL alone; therefore, the 
addition of GO may be a solution for alginate’s weakness.  

Graphene oxide (GO) is composed of planar, graphene-like, aromatic patches of random size separated by 
sp3-hybridized carbons. Graphene-based hydrogels can be obtained by introducing reducing agents or heat 
treatment during the self-assembly of GO sheets, hence the process involves reducing GO sheets and self-
assembly of the reduced-GO sheets. There are numerous chemical functionalities on the sheets such as hydroxyl, 
epoxy, and carboxyl groups, allowing GO to be further functionalized for hybridization with other materials to 
form composite materials. 10. GO and alginate both contain negative ions, which causes electrostatic repulsions 
between them and allows GO to be well dispersed 11. Moreover, GO nanosheets can crosslink the polymer chains 
of hydrogel through surface grafting and hydrogen interaction 12. Previous studies have investigated the 
preparation of GO and alginate 13; 14; 15; however, GO was loaded only on alginate rather than forming another 
network. 

To obtain high-strength composite materials, Gong et al. 16 reported the first double-network hydrogels, and 
preparing double-network hydrogels remains a popular method 17. Typically, double-network gels consist of two 
interpenetrating polymer networks with contrasting mechanical properties. The first network is highly stretched 
and densely crosslinked, making it stiff and brittle; the second network is flexible and sparsely crosslinked, 
making it soft and stretchable. In most cases, both networks are formed by covalent bonds. Compared with non-
covalent bonds, the covalent sacrificial bonds of brittle networks have the advantages of high bond energy, weak 
temperature dependenceand the rate of deformation18.  

Fan et al. 12 prepared a double-network nanocomposite consisting of GO, alginate and polyacrylamide, but 
the double network in this material was formed by alginate and polyacrylamide, while GO were only used as an 
additive. Sun et al. 19 synthesized extremely stretchable and tough hydrogels by ionically crosslinked alginate 
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and covalently crosslinked polyacrylamide. Huang et al. 20 prepared a double-network hydrogel of graphene and 
poly(acrylic acid) with excellent mechanical properties. These studies show that GO and alginate are good 
candidates to form double networks; however, in previous studies,  synthetic high-molecular polymers were the 
main choices for the formation of double networks, because the goal in the traditional double-network studies 
was to obtain gels with better mechanical properties.  

In the case of GO, it could form 3D networks crosslinked by polymers, and studies have investigated the 
composite of graphene and natural polymers 21; however, until now, it has not been used as one of the double 
networks for natural polymer. Moreover, it is worth noting that GO nanosheets could form a loose 3D network 
originating from the coordinating interactions between oxygen-containing groups of GO and calcium ions, 
which has been ignored in previous studies of GO and alginate composite. Therefore, since GO also is a 
crosslinker for polymers 22, we prepared a double-network hydrogel consisting of GO and alginate (shown in 
Schem. 1) in order to provide the alginate with better stability and adsorption ability. Ca2+ was used in this study 
as an alginate crosslinker not only for its popular use in alginate gelation, but also for its coordinating 
interactions with GO. This study also explored the stability and structure of the double network and the 
methylene blue adsorption capacity of the materials.  
 
Materials and methods  

The surface morphologies of GAS and GAD (GO 8 mg/mL) were visualized using a field-emission SEM 
(Hitachi, S-4800) and TEM (JEOL, JEM-2010). The hydrophilicities were characterized by an optical contact 
angle meter (Dataphysics, OCA-20). The surface functional groups were observed by FTIR (NEXUS, 670). 
Measurements of micro-Raman spectra were carried out using a Raman Scope system (LabRam, 1B) with a 532 
nm wavelength incident laser light and 20 mW power. The XRD were collected on a Bragg-Brentano 
diffractometer (Rigaku, D/Max-2200) with monochromatic Cu Kα radiation (λ = 1.5418 Å) of a graphite curve 
monochromator, and the data were collected from 2θ = 2-40° at a continuous scan rate of 2°/ min for phase 
identification. The BET isotherms were measured by an Accelerated Surface Area and Porosimetry system 
(Micromeritics, ASAP 2020).  

The adsorption isotherm was studied at pH=8 in a thermostatic shaker at 150 rpm at 298 K for 24 h under 
solid to liquid ratio 1 mg/mL. After adsorption, A, GAS, and GAD (GO 8 mg/mL) were separated using a 0.45 
µm membrane, and the methylene blue concentrations in the solution were determined by an ultraviolet 
spectrophotometer (Tianmei UV-2310(II)) at 664 nm. 
 
Results and discussion:  

Fig. 1 shows an optical image of hydrogels with different GO content. It can be seen that the diameter of the 
beads increased with GO content rising both for the single network and double network, indicating a good 
combination of graphene and alginate.  

 
Fig. 1 Optical image of hydrogels with different GO content. 

Fig. 2 shows the SEM and EDS of GAS and GAD. There are scattered bulks in GAS, as shown in Fig.2a, 
and there are petal-like pieces in GAD, as shown in Fig.2b. 

 
Fig.2 Microstructure. SEM of (a) G8A10-S and (b) G8A10-D. 
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As is known that alginate based materials have limited stability and could swell in as monovalent ions 
solution 23, then, the GO/alginate gels have higher swelling ratio under higher pH, to further studied the 
disadvantage of monovalent ions exchange and swelling, and evaluate the difference between single network and 
double network, we put GAS and GAD into NaOH solution of pH 13 and saturated solution of NaCl as shown in 
Fig.3. Under pH 13, within 5 min suspensions appeared in the solution containeding GAS due in 5 min which 
was caused by  to the over -swelling of alginate under strong base. Both GAS and GAD began to sinkgo down  
in 5 min, but GAD sank much more slowerly than GADS. After 30 min, almost all the GAS beads reached the 
bottom of the beaker while most of the GAD beads remainedstill stayed in the upside of the solution. After 24 h, 
though most of the GAS beads sankgot to the bottom, the solution still remaintainedmained clear. AsSince the 
beads had a higher swelling ratio under higher pH, it can be seen that the GAD had better pH tolerance ability 
than GAS. In a saturated solution of NaCl, the difference of the go -down speed between GAS and GAD was 
more obvious:. Aafter 6h, almost all of the GAS beads reached the bottom of the beaker while almost all of the 
GAD beads did not have visible movement. After 48  h, the GAD beads arrived at the bottom without obvious 
size change,, while on the opposite, the GAD beads evidently became larger. ThereforeHence, the GAD had 
better stability in high -concentration salt solution than GAS. 

 
Fig.3 Photograph of G8A10-S and G8A10-D in saturated NaCl and NaOH in different time(pH 13) 

Fig. 4 shows the Langmuir isotherms for methylene blue adsorption onto A, GAS, and GAD. The 
maximum adsorption capacities of A, GAS, and GAD for methylene blue are 0.825 g/g (R2 0.9997), 1.971 g/g 
(R2 0.9990), and 2.256 g/g (R2 0.9957), respectively. The result further proves that nanoparticles help to improve 
the adsorption ability of alginate gels, which has also been proved by other studies. Moreover, the result also 
shows that double networks have better adsorption capacity than single networks compared with other 
methylene blue adsorption studies on alginate-based materials, such as magnetic alginate beads 198 mg/g 24, 
alginate-halloysite nanotube beads 250 mg/g  25, calcium alginate/activated carbon composite beads 892 mg/g 26, 
and alginate-g-poly(sodium acrylate-co-styrene) 1843.46 mg/g 27. 
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Fig. 4 Langmuir isotherms for methylene blue adsorption onto A10, G8A10-S and G8A10-D, 
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